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THERMOELECTRICPOWEROFBARE-WIREPuwm
RHODIUM- PMTINuMTmRMocoumEs

ByGeorgeE. Glawe@ CharlesE. Shepard

SUMMARY

Testshavebeenconductedto studytheeffectonunshieldedplatinum
rhodium- platinumthermocouplesof exposureto exhaustgasesproducedby
thecombustionofpropane,72-octanegasoline,andMIL-F-5624Agrade
Jl?-4fuel.

M allcaseswhereanapparenterrorintemperatureindication
occurred,theerrorwasaccountedforPrincipallyby anincreaseinra-
diationerrorcausedby theincreaseineffectivetotalhemispherical
emittauceofthethermocouplewire.Representativevsluesofeffective
emittancesobttiedintheexperimentswereoftheorderof0.2fora
newthermocouple,0.3fora thermocoupleexposedto exhaustgaseswhich
lefta dtiedplatimzmsurface,andO.5fora thermocoupleexposedto a
luminousexhaust-gasstreamwhichcontainedlargesmountsofunlnmned
cwbonandexhaustresiduethatcoatedthewires.

Theexposurecausednegldgi.blechangeinthethermoelectricpow=
ofthethermocouplea. Thevalueofthethermoelectricpowerafter
exposurefellwellwithinthestandardInstrumentSocietyofAmerica
tolerancesforsuchwires.

INTRODUCTION

Theuseofthermocoupleprobesformeasuringthejet-engineexhaust-
gastemperatureposesproblemsof compromiseamongsuchfactorsas
abilitytowithstandhigh-velocityandhigh-temperatureconditions,con-
ductionandradiationerrors,recoverychmactefisttcs~* t- re-
sponse.Someofthefactorstifectingthecompromisebetweenruggedness
andaccuracyarediscussedinreference1.
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Asidefromthefactthattheplatinumrhodium- platinumthermo-
couplescanbe usedabovethetemperaturerangeofthecommonbasemetal
thermocouples,theyhavetheaddedadvantageof aninitiallylowsurface
emissivitywhichcontributesa lowerradiationerrorthanthatof a base
metal.thermocoupleundersimilaroperatingconditions.However,various
investigatorshaverevealedthepossibilityof chemicalcontaminationof
platinumrhodium- platinumthermocouplesintheconibinedpresenceof
silicon,suEur,anda reducingatmosphere,whichembrittlethewireand
alsoaffectthethermoelectricpower(ref.2). Thereis alsoa small
changeinthermoelectricpowercausedby oxidationorvolatilizationof
thewireandby diffusionofrhoditifromtheplatinumrhodiumalloyside
intotheplatinumsideofthejunction(ref.3).

IX sucheffectsareappreciablewhenunshieldedplatinumalloy c
thermocouplesareusedtomeasuretemperaturesh jetengines,theper-
missibleconditionsofuseofthisthermocouplematerial.wouldbe re-
stricted.These&fectswouldbe increasinglyimportantindesignsin
whichfinebsxewiresareusedtominimizeradiationandtime-lsgerrors.

An investigationof someeffectsof exposureto ex.naustgaseson
thetemperat~indicatedby unshieldedplatinumrhodium- platinum
thermocouplesisdiscussed& thisreport.

Thetestsconsistedofexposingbare-wire,platinum13percent
rhodium- platinumthermocouplesto various~sto gasesandofdeter-
~ theeffectoftheexposureonthethermoelectricpowerandonthe
errorduetoradiantheat10SS.

Thisworkispartof a programofresearchinhigh-temperature
measurementsbeingconductedattheNACALewislaboratory.

MZHOD OF INV’E3TIGATIOIJ

In general,themethodofinvestigationwasconductedinthefol-
lowingsequence:

(1)

(2)

(3)

(4)

Determinationofthethermoelectricpowerof a newlyconstructed
thermocouple

Continuousexposureofthethermocoupleto exhaust-gasstreams
ofvariouscompositionsatvarioustemperatures

Comparisonofthetemperaturetndicatedby thetestthermocouple
withthatof a rtierencethermocoupleperiodicallyinserted
intothegasstreamfora verybriefperiod

~>

Microscopicexambationofthesurfaceconditionofthe . J
thermocouple
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.
(5)

(6)

The
withthe

(1)

Redeterminationofthethermoelectricpower

Directmeasurementofeffectiveemittanceoftheexposedwire

effectiveemittcmceandrelatedtermsaredefined,inaccordance
discussioninreferences4 and5, asfollows:

TotalhemisphericalemiSSiVityCh+ istheratioofthetotal
w powerradiatedbyunitareaof anopaque,@.ished,cleanbodytothe
oul powerthatwouldberadiatedby unitareaofa blackbodyatthessme
o temperature.

(2)Totalhemisphericalemittanceeht, istheratioofthetotal
powerradiatedby unitareaof a bodyof snysurfaceconditiontothe
powerthatwouldberadiatedby unitsreaofa blackbodyatthesane
temperature.-

(3)lWfectiveemittance8eht, ofthethermocouplewireisthe
~ totalhemisphericalemittsnceof a wirewhosesurfacecondild.onhasbeen

$ altered.It is computedby usingtheStefan-Boltzmannlawwiththe
valueoftheoriginalwiredismeter..q

Rc)
APPARATUS

Alltheplatinumrhodium- platinumthermocouplesusedh thetests
wereconstructedfromO.020-inch-diameterwbe tiththeexceptionof
thoseexposedinram-jetengineswhichwereconstructedfromO.040-inch-
dismeterwire. Probeconfigurationsvaried,butinallcasestheex-
posedthermocoupleshapewasrepresentativeofa right-ticulsrcyMnder
in Crossflow.ThreeprobeconfigurationsfortheO.020-inch-diameter
wiresareshowninfigures1 and2.

Thejunctionsofthethermocoupleswereformedby resistancebutt
welding.Thisfabricationmethodlefta “bead”ofexcessmaterialat
the
the
die

m

junction.A fewoftheinitialtestth-ocoupleshadthisbeadat
junction,butanimprovedmethodoffabricationinvolvinga swaging
eliminatedthisandformedthermocouplesofuniformdiameter.

Thermocoupleswereexposedtotheexhaustgasesfromthefollow-
heat

(a)

(b)

sources:

Mekertypeburnersusingpropane

A high-temperaturetunnelwitha
propanefuel(apparatusB)

gas(apparatusA)

brick-linedcombustmburning “

—. ...— — .—. ——— — —. ..— ——— __. _— . .. . .
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(c)

(d)
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A high-temperaturetunnelwithanInconelccmibustorbur~ 72-
octsnefuel(apparatusC)

Turbojetandrsm-jetenginesusing

Otherprincipslequipmentconsistedof
apparatusauda calibrationfurnace.

MekerBurners

MIL-F-5624AgradeJT-4fuel.

anemittancemeasuring

TwoMekertypeburnerB(fig.1),oneoperatingrichad theother
lean,wereplacedadjacentto eachother.Eachoftheseburnershad

overita l&inch-inside-diametertube,12 incheslong,toprovidea
remixingregionforthehotgasessothata sizableunfiormtestzone
couldbe obtained.Theburnersoperatedonpropane-adrmixture.The
over-allfuel-airratiosf/a weremeasuredwithanNACAexhaust-gas
analyzer(ref.6). A pneumaticactuatorwasusedtonmvea groupof
thermocouplesfromtheoutletofoneburnertotheoutletoftheother.
By useof a mechanicalcyclingarrangement,theprobescouldbe cycled
fromtheieanjettotherichjetin controllablesequences.

.

u

High-TemperatureTunnelwithBrick-LinedConibustor

Infigure.3is shownthecombustioncharikrofa tunnelthatwas
linedwithhigh-temperatureftiebrickwhichwas,inturn,coatedwith
a refractorypaste.TheIxqmeroperatedonpropane-airmixtures.The
brickwallswereincandescentandapproximatelyatthetemperatureof
theburninggas. Theconibustionchemberhada 3/4-inchoutletnozzle
throughwhichtheexhaustgaseswereacceleratedintoa 4-inch-dismeter
Inconeldudleadhgto anexhaustersystemof controll~lepressure.
Thetestthermocoupleswereplacedattheoutletofthenozzle.The
temperatureofthe-ductwallsaround
400°and500°F duringtheteats.

H&h-TemperatureTunnelwith

thetestsectionvsriedbetween ‘

InconelCmibustorSection

A high-temperaturetunnelwithanInconelcombustorsectionis
showninfigure4. Thefuelusedinthistunnelwas72-octsnegasoline
whichwassprayedintotheairstresmupstresmoftheflsm~holder.The
gaspassedfromthecombustor,intoa 12-inch-diametercircularduct,
thenthrougha 4-inch-diameterconvergingnozzle,andintoa low-pressure
region.Upstreamszuldownstreampressureswereindividuallycontrollable.
Thetestthermocoupleswereplacedattheoutletufthenozzle.The

..

tqeratureofthewater-cooledtest-sectionwallsrangedfrom100°to
Moo F. .

—.
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Emittance

Theemissivityofnewwireand

Apparatus

theeffectiveemittanceof exposed
thermocouplewireweredeterminedexperimentallyby electricallyheating
thewirein anevacuatedbelljarandcalculatingtheemissivityor
emittance~ fromtheheat-’balanceequation:

1%= enD3u(T4- T04)

where

currentthroughwire,smp

resistancebetweenpotenttalterminals,ohm

original-e dismeter,in.

distancebetweenpotetiialterminals,in.

Stefan-Boltzmannconstant(3.51x10-U watts/in.2(%)4,

absolutetemperatureofwire,‘R

absolutetemperatureoftankwall,OR

Calculationsof effectiveemittanceswerebasedontheoriginalwire
dismeterbecausethisdiametercanbe convenientlyusedinequationsfor
radiationcorrections.Fora detaileddescriptionof theapparatusand
themethodfordetermlnationof effectivemittanceseeappendixA.

CalibrationFurnace

Thethermocoupleswerecalibratedina 4.&Mlowattelectrically
heatedfurnacewithsm18-inchdepthofiamqsionby usinga precision
manualJybalancedpotentiometeranda spotllghtgalvammeter.

TESTSANDRJMJLTS .

CalibrationofNewWire

Thetotalhemisphericalemissivityofnewwireswasdetermined
experimentallyintheemittsnceappsratus.Thetestsweremadeon a

, platinumwire,a platinum13percentrhodiumwire,anda platinum
rhodium- platinumthermocouple;andtherestitsme *o~ ~ fi~es 5
and6. Zheemissivityincreasedlinearlywithincreasingtemperature.
(from0.12to 0.24between900°and2600°F). Theexpe~ntal.datafor
platinumwirearecomparedin figure5 withresultspresentedinrefer-
ence7.

———- —.. — — —---— — —.——— —.. .— .—-—-
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Thethermoelectricpowerof several
matchedspoolsofnew*e, wasmeasured
Thethermocouples5ndicatedtemperatures
thermocouple.Thermocouplesusedinthe
fromthesecalibratedspools.

thermocouples,madefrom
inthecalibrationfurnace.
within1°F ofa workingstaudard
testswereconstructedoftie

TheplatinumX5percentrhodium,andtheplatinumthermocouplewires
whichwereusedtofabricateworkingstandardthermocouplesforcompari-
sonwiththetestthermocoupleshadbeenmatchedandcertifiedby the
NationalBmeau ofStsndsrdstoyieldtemperaturemeasurementsto an
absoluteaccuracyoffi”F.

In calibratingthethermocouplesusedinthetests,thejunctionof
thetestti workingstandardthermocoupleswerebroughtintointimate
contactandheldtogetherby a wrappingofthreeturnsof20-milplatinum
wire. Theaccuracyofmeasuringthedeviationofthetestthermocouples
fromthestandsrdthermocouplewas1°F. Dtiferentialelectromotive
forcereadingsbetweenlikewiresonthetestandstandardthermocouples
weremadeon a precisionpotentiometerat 1800°,1500°,1000°,500°,and
80°F. Thisprocedureobviatedtheneed
absolutevalueOfthetemperature.

ExposuxetoExhaustGasesframMeker

forprecisetiowledgeof

BurnersUsinga Propane

the

andAir MixLure(AppsratusA)

Test1. - Thermocoupleswereexposedfor20hourstotherichbuxner
of apparatusA. Thefuel-airratio f/a was0.090andtheindicated
temperaturewas2300°F. Redeterminationofthermoelectricpowershowed
a madmumdeviationof0.2percent(4°F) at2000°F fromthevalueof
theworkingstandardth~couple. Thesurfaceconditionofthewires
wasnotappreciablyaltered;sothefinaleffectiveemittancewasnot
checked.

Test2. - A cyclingexperimentwasthenconductedinwhicha group
ofthermocoupleswascycledbetweentherichandleanburnersof appsratus
A. Thecyclingperiodwasarbitrarilychosento stiulateexposureof a
thermocoupleto theexhaustgasofa jetenginewhoseover-allfuel-air
ratioislesnexceptforshortperiodsat startconditions.Onecycle
lasted30minutes,duringwhichtimethethermocoupleswereexposedto
therichgasm&tme (f/a ofO.090)for1 minuteandto thelesngas
mixbure(f/a of0.045)for29mimutes.Thetotalrunningtimewas200
hours(400cycles).Thew5resshowedonlyslightphysicalchmge,and
redeterminationofthermoelectricpowershoweda max~umdeviationof
0.2percent(4°F) at1850°F fromthevalueoftheworkingstandsrd

.

thermocouple.
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Expomreto ExhaustGases

PropaneandAir

7

fromBrick-LinedCombustorUsing

Mixture(ApparatusB)

Test3. - Thermocoupleswereexposedto thecleanexhaustgasesof
appsratusB for5 hoursunderthefollowingconditions:f[a,0.055;
indicatedtemperature,2540°F; MachnumberlO.20;staticpressure,1
atmosph~e.Theterm“cleanexhaustgas”is usedinthisreportto
denotean exhaustgaswhichhasonlysmallquantitiesof solidparticles
andisgenerallynonluminousasopposedto a ‘dirtyexhaustgas”‘which
containsappreciable-aust residueandisgenerallyindicatedby a
luminousflame.

Thedeviationof indicatedtemperatureofthethermocoupleswhen
comparedwitha referenceprobeperiodicallyinsertedintothegas
showeda rsmdomtemperaturedifferencewithanaversgevalueof 3°F anda
maximumvalueof 6°F.

Test4. - Thetunnelwasthenoperatedfor4 hoursata rich f/a
of0.080,withanindicatedtemperatureof2600°F, a Machnumberof
0.20,anda staticpressureof 1 atmosphere.Theexhaustgaswaslumi-

<- nous,withstreaksofincandescentpcmticles.

Theindicatedtemperaturedifferencebetweena referenceth-o-
,- coupleandthetestthermocouplesincreasedexponentiallywiththe, as

showninfigure7(a).Thedeviationwas90percentcompleteinabout
2 hours.Themaximumindicatedtemperaturedeviationafter4 hourswas
-125°F. The,testthermocoupleswereexsminedandfoundtobe coated
withreddish-brownexhaustresidueandrefractorysedimentontheup-
streamface. A photographofa newwirebeforeexposuretotheexhaust
gasesis showninfigure8(a),andtwoofthetestthermocouplewires
afterexposureinapparatusB areshowninfigure8(b). Thefinaleffec-
tiveemittanceofoneofthethermocoupleswascheckedintheemittance
apparatusandwasfoundtobe ontheorderof0.5.

Determinationofthermoelectricpowershoweda maximumdeviationof
0.2percent(4°F) at1800°F fromthevalueoftheworkingstandard
thermocouple.

Calculationoftheeffective-emittanceincreaserequiredtoproduce
thefinaltemperaturedifferenceof -125°F encounteredinthetests
yieldeda requiredeffective-emittanceincreaseof0.34. Thisgivesa
finaleffectiveemittanceof0.55,assuminganinitialvalueof0.21at
2475°F (obtainedfromflg.6(b)),winchiS Onthes- orderof_tu*
asthefinaleffectiveemittan,cedetaminedintheemittanceapparatus.
ThecalculationprocedureisdescribedinappendixB, anda curveofthe
pro~essiveincreaseti effectiveemittancewithtimeof exposureis “
showninfigure7(b).

.—. ——- ..— — —. —.. —— ——.——
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Test5.
POsedtothe
“cleanedup”

NACATN 3253

- Sameofthethermocouples(fromtest4)werethenreex-
conditionsoftest3 for6 hoursto seeiftheywouldbe .

by a lea fuel-airratio.Differentialmeasurementswith
a referenceprobeshowedthe-125°F deviationremainedconstant,and
examinationofthethermocouplesat shutdownexhibitedno changeinthe
Wre surfaceconditions.

ErposuretoExhaustGasesfromIn.conelCombustorBurning72-Octane

GasOUne(ApparatusC)

Test6. - Thermocoupleswereexposedto theexhaustgasesof
appsxatusC for10hoursatthefollowingconditions:f[a,0.03;indi-
catedtemp,mature,1670°Fj Machnuniber,O.30;smdstaticpressure,1
atmosphere.Theexhaustgasinthetestsectionwasnonluminousexcept
forsmallamountsofincsmdescentparticles.Differentialreadingswith
respectto thevelueofa referencethermocoupleshowedanexponential-
typetrendwhichattaineda maximum“decreaseof -15°F, as shownin
figure9(a). An exadnationofthetestthermocouplesdiscloseda
dtied,sQhtly roughsurfacewithno dsrk@aust deposits.Calcula-
tionsoftheeffective-emittanceincreasenecessaryto accountforthe
decreaseinthetemperatureindicationofthetestth~couples showed “”
thattheemittancewouldhaveto changefromaninitialvalueof0.17to
a finalvalueof0.28duringtheexposure.

Test7..- Thermocoupleswereexposedto exhaustgasesin apparatus
C for6 hOUl’S-Thefuel-airratiowas0.055,theindicatedtemperature
was2280°F, theMachnumberwas0.25,andthestaticpressurewas0.8
atmosphere.Theexhaustgaseswerehigllyluminouswithsignsoffree
csrbonparticlesandexhaustresidue.Readingsofthetemperaturedif-
ferencewithrespectti a referenceth~couple showedanexponential-

.
typetrendwhichwas90percentcompletein~ hoursandwhichattained
a ma.xhumdifferenceof -50°F as showninfigure9(b). Redetermination
ofthermoelectricpowerindicateda maximumdeviationof0.2pmcent
(4°F) at 1800°F. Thechangeineffectiveemittancebasedonthe “
measuredtemperaturedifferencewascalculatedtohavea finalvalueof
0.4at2230°F, as showninfigure9(c). Figure8(c)is a photo~aphof
oneofthetestthermocouplestskenat45°fromtheupstresmface. Ex-
haustdeposit,suchasis seeninfigures8(c)and(d),wasremovedby
innnersionoftheth~couple ina hotconcentratedchromicmd sulfuric
acidsolution,exposinga dulledplatinumsurfaceunderneath.

Ekposmeto Jet-EngineExhaustGases

Turbojetengines.- ThermocouplesofO.020-inch-diemeterwirewere
placedin thecombustoroutletsandtailpipes(withoutafterburning)of “’

——
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turbojetenginestodetermine
onthermoelectricpower.The

theeffectsofexposure
enginesusedJP-4fuel;

rangedfrom28to~6 hours.Tb&mocouplesexposed&

9

onemittanceand
theexposuretime
caibustoroutlets

(about1600°F) exhibiteda smoothcoatingofdarkexhaustresidueon
the.upstreamfaceandgreydiscolorationoftheplatinumrhodiumexposed
section.Finaleffectiveemittanceswereappro~tel.y0.4forthese
thermocouples.Theinitialrateof changeofeffectivemittancewason
theorderofthechangeshowninfigure9(c).

g tailpipes(about1200°F) showedlessdeposit
effectiveemittance’sontheorikrof0.3. The

~ inredeterminationofthermoelectricpowerwas
1800°F.

Thermocouplesexposedin
anddiscolorationandhad
greatesterrormeasured
0.2percent(4°F) at

Rsm-jetengines.- Thermocouplesof0.040-inch-diameterwirewere
placedinram-jetengines(about3CQ0°F) andsubjectedto exposurefor
I to8 hoursbeforeremov~andinspection.Thesethermocouplesexhib-
iteda darksmoothcoatingontheupstreamfacewitheffectiveemittances
ontheorderof0.4. Therateof changeof effectiveemittanceforthese
thermocoWleswasgeaterthantherateof changeofeffectiveemittance
forthethermocouplesexposedinturbojetengines.In onecasejthe
effectiveemittancereachedthevalueof0.4withinanhour. Calibration
forthernmelectricpowershoweda maximumerrorof0.1percent(2°F) at
1800°F.

T
DISCUSSION

Themeasurementsofthermoelectricpower
showednegligiblechsmgesinwirecalibration

inthecalibrationfurnace
asa resultofexposnre.to

theexhaustgasesofpropane,gasoline,orJl?-4fuelregsxdlessof
whethertheseexhaustgaseswererichor lesm,dirtyor clean,amdre-
gardlessoftheformationof coatingsonthewir~s.Thedifferencesin
calibrationbetweenfreshwiresandwiresafterexposureto exhaust
gaseswerealwayslessthan5°F at1800°F andhencewaslessthanone-
halfthelimitof errorforstandardthermocouplewiresofthistypeas
recommendedby theISAinreference8 (s” to 1000°F and@.5 pqrcent
from1000°to 2700°F).

Theprogressivedecreaseinindicatedtemperatureofthermocouples
exposedto dirtyexhaustgasesthus~pearsattributablewhollyto a
progressiveincreaseinrsdiantheatloss.Theradiantheatlossin-
creases(a)becauseof anincreasein surfaceareaasthewirebecomes
dirtyand(b)becauseof anincreaseintheemissitityofthewireas
itbecomesdirty.TheseeffectscanDeluqpedtogetherifthewire”is
describedasacquiringan.increased”effectiveemittancebasedonthe
originalwirediameter.Sucha modeofdescriptionisdesirablebecause
theoriginalwiredismeteristheonlydismeterconvenientlyavailable
forcomputationofradiationerror.It shouldbe notedthat,becauseof
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themodeofdefinitionof effectiveemittance,small@es willa~ar
to suffera greaterincreaseineffectiveemittancethanlargewires
whenthesamethicknessofdepositisformedonboththesmallandlarge
wires.

b
Theattributionoftheprogressivedecreaseim indicatedtemperature

to a progressiveincreaseinradiationerrorappearsjustifiedby:

(1)Thevisual.correlationbetween“blackness”orMx-tA.nessofthe
tie withthedeviationofwire-temperature~indicationfrom g
theindicationof a cleanreferencethermocoupleinsertedonly
briefQ intotheexnaust-gasstresm.

(2)Thequalitativecorrelationof radiationerrorwiththedirti-
nessofthegasstresm.Thusinrelativelycleangasesthe
radiation-errorincreaserangednohigherthan15°F andthe
correspendingeffective-pittanceincreaser~ed nohigher
than0.1,whereasindirtygasestheradiation-errorincrease
rsngedupto 125°F andthecorreqyondingeffective-emittance
increasersngedupto0.35.

{3)Thequantitative~eement betweenthefinaleffectiveemit-
tancesmeasuredintheemittanceapparatus@ thefinaleffec-

..

tiveemittancescomputedfromthemeasuredradiationerror
intheexhaust-gas&tresm. .

Thecorrelationoftheeffectiveemittancewiththevisibleappear-
anceofthewireprovidesa meansof estimatingtheeffectiveemittsnce
fromtheappearanceofthewire. Aftersomeexperience,itwasfound
possibletomakeestimatestowithin~15percentoftheeffective@t-
tanceobtainedby measurements.Figure10Ucates thecorrelation
betweeneffectiveemittsmcess.ndtheappearanceofthewiresasfound
inthesetests.

Althoughsomeofthethermocouplesfromenginetestsappe=edas
highlydiscoloredby exhaustresidueasthe-reme casesinthetunnel
tests,thedepositformedonthethermocouplesintheenginesdidnot
havesorougha surfacefimishasthehigh-effective-emittsmcedeposits
formedonthethermocouplesinthetunneltests.Therefore,forthe
ssmeapparentdiscoloration,theeffectiveemittace ofthermocouples
exposedinengineswaslowerthsntheeffectiveemittsmceofthermo-
couplesexposedinthetunneltests.

Exposureto ClesaExhaustGases

Underexposuretorelativelycleanexhaustgases,whereonlysmall
-unts of solidcaibonparticles>fueltioplets~t= residuejorot~r .,1
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noncombustiblematterarepresent,thewiresweresubjettedto a mild
erosiveaction.Thisactionproduceda roughened,dull~ey surfaceon
theupstreamfaceof thewire.Thepresenttestsindicatethata final
effectiveemittanceof about0.3maybe expected~th aninitialrate
ofincreaseof about0.05perhour.

EqosuretoDirtyExhaustGases

Thermocouplesexposedtodirtyexhaustgases,whichcontainedun-
burnedparticlesandimpurities,werecoatedontheupstreamfacewith
a layerofd~k, rough,exhaust-gasdeposits.Thehighestvalueof
effectiveemittancewas0.55,andtheinitialtimerateof changefor
thistestwasapproximatelyO.2perhour.

Thermocouplesplacedatthecombustoroutletofturbojetengines
burningJP-4fuelexhibitedupstreamsurfacedepositsandslightdis-
colorationoftheplatinumrhodiumexposedsection,andacquiredeffec-
tiveemittancesontheorderof0.4. Thermocouples@aced inthetail
pipesal?turbojetenginesshowedlessexposureeffectsndacquiredeffec-
tiveemittacesontheorderof0.3. Thelowervalueoffinaleffective
emittancesreachedintailpipes,as compsredwiththefinalvalues
reachedin combustors,is causedby thefactthatthecombustion~rocess
isqorecompleteinthetailpipe(withoutafterburning)andthatthe
turbineassenblyinterceptsunburnedparticlesandpreventstheirdepo-
sitionon theprobeinthetailpipe.

Tha’mocouplesexposedto theexhaustgasesofram-jetenginesat
theexhaust-nozzleexitexlibiteddarkresiduede~ositedontheupstream
faceandhadfinaleffectiveemittancesofapproxbnately.O.4.

EffectofFuel-AirRatio

Theprec&dingresultsindicatethattheextentofaccretionof
depositona wireisdependentonthelocalfuel-airratioencountered
by thethermocouplesinthegasstreamratherthanontheover-allengine
fuel-airratiofora givenhydrocarbonfuel.Thus,atthecombustor
outlet,whereburningwasstillstreaky,maximumvaluesofeffective
emittancewereobtainedeventhoughtheover-allfuel-airratioswere
quitelean.

.TimeRateofIhcreaseofEl?fectiveEmittance

Theincreasein effectivetittanceduetodu-g ofthewireor
toformationof exhaustdepositisnecessarilydependentonfactorssuch
asthecompositionof theexhaustgas,thecleanlinessoftheairsupply>

..— —— .—— —. —— . . .. -— —
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theflowconditions,andsoforth,ofthegasstreamtowhichthether-
mocouplesare~osed. Thetimerateofincreaseofeffective@ttance
andtheorderofmagnitudeofthefinaleffectiveemittanceattainedin
thetestsdesmibedherein,althoughapplyingspecificallytothepar-
ticularcombutiorsused,neverthelessalsodenotetheordersofmagni-
tudeof changestobe expectedwithsimilarequipmentoperatedinthe
ssmerangesoffuel-airratios,temp=atures,andMachnumbers.

UsageofBsre-l{irePlatinumRhodium-PlatinumThermocouples

Whenthermocouplesareusedunderconditionswheretheradiation
erroris appreciable,andwheretheeffectiveemittmceofthewiremay
change,anuncertaintyexistsintheradiationcorrection.At high
temperatures,thisuncertaintyisoftenthehighestsinglecontribution
tototaluncertaintyintemperaturemeasurements.In operationswh=e
highestabsoluteaccuracyoftemperaturemeasurementisrequired,itis
thereforedestiableto usesomemethodof shieldingorofretractingthe
thermocouplefromthegasstreamduringthetinewhenmeasurementsare
notbeingtaken.

~ operationswherelong-timereproducibilityoftemperatureindi-
cationisrequiredratherthanabsoluteaccuracy,pre-~qsureto oper- .,,

stingconditionsis desirableinordertobuildup a conditionof stable
effectiveemittsnce,eventhoughtheresultinguncertaintyintheradia-
tioncorrectionmaybe twicethatobtainablewithcleanwires.

InthetestsinapparatusA,B, andC withthermocouplesof0.020-
inch-dlsmeterwtresjno breakagewasencounteredeventhougha large
length-to-dismet=ratio(L/Dof50)ofexposedwirewasusedtoreduce
conductionerrors.TheO.020-inch-diameterthermocouplesplacedin jet
enginesweresuhjecttofailure,whilethemoreruggedO.040-inch-
Uamet= thermocouplesinrsm-jetengtneswerenot.

Sincetheprimarypurposeofthisinvestigationwasto studythe
effectsof exposureonthethermocoupleindicatedtemperature,no
detailedanalysisofopttiumconfigurationorwiresizefromthestand-
pointofmecham$calruggednessandservicelifewasmade.

CONCLUSIONS

A deaeaseinthetemperatureindicationofunshieldedplatinum
rhodium- platinumthermocouplesexposedto exhaust-gasstresmsproduced
by combustionofpropane,gasoline,orJP-4fuelwasshowntobeattrib-
utableto a progressiveincreasein effectiveemittance,whichresuits -k

in anincreaseinradiationerror.Theeffectiveemittmce,basedon
I

theoriginalwirediameter~ isincreased%ecauseofthehigheremittance
duetothecoatingofexhaustresidueandtothegreatersurfacesrea

..
producedby thiscoating.
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Thermocouplesekposedto locallyrichexhaustgasescontaining
solidcarbonparticles,liquidfueldroplets,andunburnedimpurities
becamecoatedwitha darkresiduethatincreasedtheeffectivemittance
tithe orderof0.5tier ~remel.ydirty-exhaust-gasconditionsandto
a valueof approximately0.4under-averageconditions.

Uponexposuretorelativelycleanexhautigases,whichcontainonly
smaKlpercentagesof solidcm%onparticles,fueldroplets,t= residue,

e

andsoforth,thewiresufferedmilderosioneffectswhichlefta dulled
platinumsmfacehavinganeffectiveemittancesomewhathigherthanthat
of a newwire. Theeffectiveemitt=cemayreacha valueof about0.3
as comparedwitha valueofabout0.2fornewcleanwire.

Effectiveemittanceis correlatedwiththevisibleappearanceof
thetiresurface,sothatwithpracticetheeffectiveemittancecould
be estimatedto*I5percentofmeasuredvalues.

Thetimerateof changeof effectiveemittancedueto erosionor
accretionofresidueisdependentonthecompositionoftheexhaustgap,
thecleanlinessoftheairsupply,theflowconditions,andsoforth,to
whichthethermocoupleisexposed.Theinitialthe ratesof changeof
effectiveemittancesstudiedinthetestsreportedhereinforthepar-. titularcombustorsusedrangedfrom0.2perhourindirty-exhaust-gas
streamsto 0.05perhourinrelativelycleanexhaustgases.

.
Theexposureofthethermocouplesto exhaustgasescausedneg~gible

changeinthethermoelectricpowerofthethermocouples.Thethermo-
electricpowerafterexposurefellwellwithinthestandardISAtoler-
ancesforplatinumrhodium- platinumthermocouplewire(fr”to1000°F
and@.5 percentfrom1000°to270001?).

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Clevelsnd,Ohio,May21,1954

.
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Thetotalhemisphericalanissivityofnewwiresandtheeffective
emittanceofthermocoupleswhosesurfaceshadbeenalteredby exposure
to exhaustgasesweredeterminedbymeasuringtheelectric-powerinput
requiredtomaintsina lengthofthethermocouplewireat.constant
temperaturewhiletheheatwasbeingdissipatedp~
[ref.7).

by radiation
Conductionendlossesweremi~zed by freelysupportinga

longlen@h ofthewireorthermocouplebetweentwobindingpostsserving
as currentterminalsandtaldngpotentialmeasuranentsalonga short
central~ortionwithfinewiresattachedtothetestwire. Thermocouples
whichhadbeenexposedto exhaustgaseswereremovedfromtheirprobes
andmountedin likemannerbetweenthebindingposts.Convectiveheat
transferwasrenderednegligibleby conductingthetestsata sufficiently
lowsmbientpressure,asrecaummdedinreference9. Theconclusions
ofthisreferencewereverifiedby a seriesoftestrunsthrougha range
oflowpressures.

A pictureofthetestasseniblywitha thermocouplewireinplsceis ..
showninfigure11. Forclaritythephotographhasbeenretouchedto
reveslthefinewirepotentialleadswhichwouldotherwisebebarely
visible● Thethermocoupleisfreelysuspendedbetweenbindingposts14 ~
inchesapsrtwiththe~unctionatthemidpoint.A 3-roilplatinumwire
waswrappedandtidstedaroundthe20-milplatinwnrhodiumthermocouple
wireata point1/2inchfromthemainjunction,anda 3-W platinum
rhodiumwirewasshilarlyattached1/2inchfromthemainjunctionon
theplatinumwireofthe20-milthermocouple.Twoadditional3-roil
platinwnandplatinmrhodiwnwireswerealsoattachedtothemain
platinumandplatinumrhodiwthermocouplewires,respectively,atpoints
5 inchesoneithersideofthemainjunction.

Thetestingwasdonein a lsrgesteelbelljarwhichwasevacuated
to a pressurelessthan0.05ticronofmercury.Thewirewaselectrically
heatedandmeasurementsweretakenofthetemperatureandelectrical
resistanceofthecentrall-inchtestportion.Theelectriccircuitis
showninfigure12. A 60-cyclealternatingcurrentwaspassedthrough
pathA andmeasuredwitha calibratedironvanesmmeter.

de resistanceofthetestedportion(x-y-z)wasmeasuredwitha
doublebridge,usingtwodecaderesistancehxes whichwerqsimultaneously
adjusted.Nullbalancewasdetectedwitha cathode-rayoscilloscope
precededby a step-uptransformer. ++

Thethermalelectromotiveforce el ofthemainjunction(y]

relativeto ambienttemperatureandthedifferentialthermalelectromotive-”
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forcese2 and

points(x and
‘3 betweenthe

z)ofthel-inch

centraljunctionandeachoftheend

testportionweremeasuredwitha

I-5

. —
manu.dlybalancedprecisionpotentiameter.A low-passfilterwasused
tobypassthe60-cyclecurrentaroundthepotentiometer.Capacitance
C, consistingofa back-to-backarrangementofelectrolyticcapacitors,
wasusedtopreventshortcircuitingofthethermalelectromotiveforce
by thesecondarywindingofthepowertransformerT. Theeffectiveness
ofthisarrangementwastestealbyverifyingthatno d-cpotential
differenceappearedacrosstheO.01-ohmshuntin serieswiththe
transformersecondarywinding.Thecircuitwasalsotestedtoverify
thattherewereno spuriouselectromotiveforcesatthepotentiometerby
replacingthethermocoupleandallplatinmnrhodiumleadwireswith
platinumandnotingthatnonetelectromotiveforcethenappearedatthe
terminalsofthepotentiometer.

Theeffectiveemittance
expressionforheattransf~r

whf3re

I

R

1)

2

a

T

To

I?R

e attemperature
by radiation:

= MZW@- TO*)

is computedfranthe

cwrentthroughwire,smp

resistancebetweenpotential.terminals,ohm

originsldismeterofwire,in.

distancebetweenpotentialterndnals,in.

stefan-BoltzJIlannconstant(3.51W0-12watts/in.2 (%)4)

absolutetemperatureofwire,%

absoltietaqeratureoftankwall,OR

!IM.smethodofeffective-emittancedeterminationisMmitedby .
possiblechangesintheconditionofthewirebeingtested.Heatingin
a vacuumtendstovolatilizethecoatingofexhaustresiduein sme cases
sothatdatamustbe takenquicklyto avoidchangingthewiresmface
condition.Sincethetimereqtiedforthewiretoreacheq@13brium
withrespecttoheatstorageandradiationmaybe large,somecq-se
mustbemadebetweenaccqracyandreproducibility.Cleanwireswere
themoststableinthisrespect,whilewireswhichhadexhaust-gzts
depositsvariedin stabilitydependingonthemount of @osit which
volatild.zedduringtheeffective-emittancecheck.

— . .. .—. - . _____ —z ,___ ——— ——-. — ...—
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AWENDIXB

COMWTA!IZONOFEWI’TANCEFROMRADIATIONERROROF

TEERMx!omsm GASEmREAMs
An estimationd theeffectiveemittanceofthetestwireswasmade

by computingradiationerrorsforthetestthermocouplesandfora
referencethermocouplewhoseeffectiveemittancewasknownandwhichhad
thesameconductionandrecoverycorrectionsasthetestthermocouples.
Tbi.sevaluationwasbasedontheanslysispresentedinreference10 and

g

thereforeonlythemethodofapplicationis presentedherein.

Thereferencethermocouplewasa conventionalbsre-wire,crossflow
designwitha water-cooledprobesupport(ret?.1). Thetestprobe,also
witha water-cooledconfiguration,wasconstructedto exposeup to three
testwirestotheexhauststreamat onetime.l%gure2 showsthearrange-
mentofthereferenceandtestprobeswithtwotestwiresinthetest
probe. Thesewireswereofthesamediameterandthesameexposedlength
asthereference-probewires.In ordertofurtherinsurenegligible
differencesin conductionerrorandrecoverycharacteristicsforboth .

probes,thelen@h-to-dism@erratiooftheexposedthermocouplewire
washigh(50),andthetestswereconductedatlowsubsonicMachnunbers, .,
ontheorderof 0.3m below,tomidmd.zerecoveryerrors.

In thecontrolledtunneltestswithappsratusB andC,thetest,
ties wereexposedcontinuouslytotheexhaustgases,whilethereference
thermocouplewasinsertedperiodicallyto takemeammementsofboth
absolutetemperatureandof differentialtemperaturebetweenthereference
andtestthermocouples.Sincethereferencethermocouplewaskeptclean
by leavingitretractedexceptforbriefperioticreadingintervals,its
effective-e@ttancechangewassmaJJ_whencomparedwiththeeffective-
emittancechangeofthetestthermocouples.Theinitialeffectiw
aittanceandthefinaleffectiveemittanceofthereferencethermocouple
weredeterminedin theendttanceapparatus,anda Enear timeagainst
effectiveemittancerelationwasassumed.Theradiationerrorforthe
referencethermoco@ewasthenccmrputed(accordingtoref.10)frcm
measurementsofMachm.miber,staticpressure,indicatedthermocouple
taperature,wsLltemperature,wirediameter,andinterpolatedvalueof
effectiveemittiance.Totaltemperat~wasevsluatedby addingthe
conduction,recovery,andradiationcorrectionsto thereference-
thennocoupleindicatedtemperature.Thethermoel.ectric-powe~correction
inthesetestswasnegligible(approximately4°F maximum).Sincethe
recoveryandconductioncharacterstieswerethesaneforbothprobes, .

thesefactorscance~edwhenthecliffer?ncein
mentsgivenby thetwoprobeswasdeterndned.
thetestproleisthenseentobe equalto the

total-temperaturemeasure-
TM radiationerrorfor
ccmputedradiationerror ‘-

.— . —. .— ..— — .. —.—.— . . . ..—
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ofthereferenceprobeplusthemeasuredtemperature
thereferenceandtestthermocouples.Zhe effective
testwirecanthenbe calculated-~applying

Radiationerroroftestke
Radiationerrorofreferencewire

17

differentialbetween
ezdttanceforthe

the folmqlla

4
‘test

()
=— %
&
ref %f

Byusingthistechmique,therateof changeofeffectiveadttance
withexposurethe wpsdetermined.Thefinaleffectiveemittanceasob-
tainedby thismethodcanbe checkedby the.adttancemsasuringapparatus
(appendixA). In additiontothetestsreportedinthetidyofthis
paper,a specialseriesoftestswasconductedto comparethefinal
effectiveadttancesovera rangeofImnperaturesas obtainedby these
% methods.A numberoftestthermocoupleswereexposed.totheexhaust
gasof 72-octanefuelinapparatwC underconditionsofuneven
burningandhighlocal.fuel-airratioswhichprmotedextremeconditions
ofexhaustdeposit.At theendof16hours,thetestthermocouples
werewellcoatedwithexhaustresidue(fig.8(d)).Measurementsrelative
to a referenceprobewerethentslsenat sixtaaperaturesbetween1700°
and26@0 F, andtheeffectiveemittanceswerecomputedaccordingtothe
procedurejustpresented.Theeffectiveemittanceswerealsoexperi-
mentallydeterminedintheemittanceapparatusthrougha rangeoftempera-
turesfram980°to 1950°F. E@her temperatureswerenotusedbecause
ofthedangerofappreciablyalteringthewiresurfacethroughvolatili-
zation.Theresultsindicatedthatthevaluesasobtainedby th~two
methodsagreedwithin0.03.
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Exhaust-gasflow#

Figure2.- Probeconfigurations
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